Introduction
Nutrient allocation is the fundamental part of the resource capture strategies of plants, which impacts on the material and energy cycles of terrestrial ecosystems (Ågren 2004; Elser et al. 2007; Heberling and Fridley 2012) . Leaves and roots are major plant organs that implement carbon assimilation and nutrient uptake, respectively, while stems are important intermediaries used to link the leaves and roots. The nutrient concentrations of leaves, stems and roots are related to organ function, organ growth and turnover rates, and plant growth form (Kerkhoff et al. 2006; Minden and Kleyer 2014; Westoby et al. 2002; Yang et al. 2014) . Understanding the partitioning of nutrients among plant organs and how this mechanism responds to environmental gradients is, therefore, crucial for predicting how nutrient fluxes and ecosystem functions will respond to the change of temperature and precipitation.
The nitrogen (N) to phosphorus (P) relationship in plant organs is of particular interest, as N and P are important elements that regulate plant growth, with both elements being critical in regulating ecosystem functions and dynamics (Chapin et al. 1986; Elser et al. 2007; Güsewell 2004; Vitousek et al. 2010) . Scaling relationships are widely used to explain the observed patterns of various plant traits, including metabolic and physical traits (Brown et al. 2004; Price et al. 2012; Wright et al. 2004; Xiang et al. 2013; Yang et al. 2014) . These relationships may be defined by 'characteristic slopes and intercepts on a log-log scale, based on the general scaling Abstract Nitrogen (N) to phosphorus (P) allocation in plant organs is of particular interest, as both elements are important to regulate plant growth. We analyzed the scaling relationship of N and P in leaves, stems and fine roots of 224 plant species along an altitudinal transect (500-2,300 m) on the northern slope of Changbai Mountain, China. We tested whether the scaling relationships of N and P were conserved in response to environmental variations. We found that the N and P concentrations of the leaves, stems and fine roots decreased, whereas the N:P ratios increased with increasing altitude. Allometric scaling relationships of N and P were found in the leaves, stems and fine roots, with allometric exponents of 0.78, 0.71 and 0.87, respectively. An invariant allometric scaling of N and P in the leaves, stems and fine roots was detected for woody plants along the altitudinal gradient. These results may advance our understanding of plant responses to climate change, and provide a basis for practical implication of various ecological models.
relationship Y = bX a (Kerkhoff et al. 2005; Reich et al. 2010) . It has been found that the scaling of N concentration as a function of P concentration in different plant organs can be well described by allometric relationship, in which the common log-log slope was significantly smaller than 1 (Ågren 2008; Elser et al. 2010; Kerkhoff et al. 2006; Reich et al. 2010; Wright et al. 2004 ). Many studies have demonstrated that the allometric relationship between leaf N (N L ) and leaf P (P L ) are similar at various scales, spanning from the local to global scale, with ranges of 0.67 to 0.72 for slopes (a) of the scaling functions (Garten 1976; Han et al. 2005; Kerkhoff et al. 2006; Reich et al. 2010; Wright et al. 2004 ). Furthermore, allometric relationship have also been detected in the roots and stems, for which the slopes (a) of the scaling functions are 0.76 (Yuan et al. 2011 ) and 0.70 (Kerkhoff et al. 2006) , respectively.
The acquisition of N and P in plants is influenced by climate (Reich and Oleksyn 2004) , soil conditions Dijkstra et al. 2012; Stock and Verboom 2012) , phylogeny (Hao et al. 2014; Stock and Verboom 2012) and different physiological growth strategies among species (Kerkhoff et al. 2006) . Previous studies have demonstrated that N, P and the N:P of leaves noticeably change with temperature, precipitation and soil condition along latitudinal gradients (Han et al. 2005; Reich and Oleksyn 2004) . In contrast, Reich et al. (2010) reported a consistent allometric scaling pattern of N L to P L with a uniform 2/3 log-log slope across dramatic biogeographical gradients. It suggested that the allometric relationship of N L and P L is conserved at some extent, regardless of biotic and environmental variation (Reich et al. 2010) . We have evidence from plant leaves, however, until recently we still know little about such relationship in non-leaf organs of plants. Here, we conducted an experiment along an altitudinal transect to test whether the scaling relationship of N and P in major plant organs are conserved in response to environmental variations.
The substantial variation in microhabitat structure along altitudinal gradient provides an excellent natural laboratory to investigate the response of N and P relationship in plant organs to environmental changes. Changbai Mountain in China has clear vertical vegetation zonation that ranges from mixed coniferous broadleaved forest at low altitude to alpine tundra above 2100 m (Shao et al. 1996; Zhang et al. 2011) . In this study, we investigated the N and P concentrations of the leaves (N L , P L ), stems (N S , P S ) and fine roots (N R , P R ) along an altitudinal transect (500-2,300 m) on the northern slope of Changbai Mountain, China. The main objectives of this study were to investigate: (1) How do N, P concentrations and N:P in the leaves, stems and fine roots vary with environmental gradient; (2) whether the observed scaling relationship differ among different plant organs and plant growth forms; and (3) whether the scaling relationship vary with environmental gradient along the altitudinal transect?
Materials and methods
Site description-Changbai Mountain (N41°23′-42°36′, E126°55′-129°00′) is the highest mountain (2744 m) on the eastern coast of Eurasia, and is located on the border of China and North Korea. With increasing altitude (500-2744 m), the mean annual temperature (MAT) decreases from 3.5 to −7.4 °C and mean annual precipitation (MAP) increases from 720 to 1400 mm (Zhu et al. 2010) . As a national nature reserve, the natural ecosystems of Changbai Mountain are well conserved. The vertical distribution of vegetation includes mixed coniferous broadleaved forests at low altitudes (500-1100 m), spruce and fir conifer forests at middle altitudes (1100-1800 m), birch forests (1800-2100 m) and alpine tundra (above 2100 m) at high altitudes. The environmental features and dominant species along the altitudinal transect were summarized in Table 1 .
Experiment design and sampling-Within the transect along the northern slope of Changbai Mountain, three altitudinal zones were investigated, referred to here as low, middle, and high altitudinal zones. Six sites were sampled in total, with two of them in the mixed forest at low altitude, two in the conifer forest at middle altitude, and other two sites in the birch forest and alpine tundra at high altitude, respectively. Four experimental plots (30 × 40 m) were set for each site and thus 24 plots were sampled in total. Leaves, stems and roots were collected from four plots as four independent replicates at each site.
In early August 2012, totally 2816 plant samples (1076 leaf samples, 752 stem samples and 988 root samples) were collected, which involving 224 species on the whole. The number of sample species at each site was detailed in Table 1 . There were 269 site-species combinations, with 185 species occurring at more than one site. In field sampling, above ground and below ground organs were collected by two work teams separately, and thus the sample sizes were different among different organs. In this study, twigs of woody species and stems of herbaceous species were sampled to maximize the comparability of tissue nutrient content across plant growth forms. For small herbaceous species, the whole plants of fully matured individuals were excavated and then transported to the laboratory for post processing. For woody species, sun-exposed and fully matured leaves were collected from individuals growing in situ, and then the branches with tips located at the outer surface of the plant's crown were chosen at random. To sample the roots of trees and shrubs, we first loosened the soil within a 2 m distance of the stem of the target tree on one side. Then, the root branches were followed to the tree stem to confirm the plant species. Subsequently, sections were cut from the main lateral woody roots.
Plant samples (including leaves, twigs or stems and roots) were cleaned carefully to remove soil particles and other materials. After cleaning, the leaves, stems (the most distal twigs) and fine roots (diameters <2 mm) were randomly selected and oven-dried at 60 °C in the laboratory, and then ground on a ball mill for chemical analysis.
In each plot, soil was randomly sampled from 30 to 50 points in the 0-10 cm and 10-30 cm layers, and the soil samples from the same depth were mixed. After being sieved (2-mm meshes), organic debris removed, one sub-sample was stored at 4 °C for available N analysis. The other sub-sample was air-dried and ground to fine powder using a ball mill (MM400, Retsch, Haan, Germany).
Chemical analysis-The N concentration of plant and soil total N (STN) were determined with an elemental analyzer (Vario MAX CN Elemental Analyzer, Elementar, Hanau, Germany). The P concentration of plant and soil total P (STP) was measured by the ammonium molybdate method using a continuous-flow analyzer (AutoAnalyzer3 Continuous-Flow Analyzer; Bran Luebbe, Hamburg, Germany) after H 2 SO 4 -HClO 4 digestion for plant samples and H 2 SO 4 -H 2 O 2 -HF digestion for soil. Soil available N (SAN), which consist of NH 4 + -N and NO 3 − -N, was extracted with 2 mol L −1 KCl and measured using a continuous-flow analyser. Soil available P (SAP) was extracted from 5 g air-dried soil with 100 ml 0.5 mol L −1 NaHCO 3 , and measured by the ammonium molybdate method.
Data analysis-The plant species were divided into three plant growth forms (PGFs): herbs, shrubs and trees. Differences in N, P concentrations and N:P ratios among different plant organs and PGFs were tested using analysis of variance (ANOVA) with Duncan's post hoc tests. Linear regression was employed to explore the pattern of N, P concentrations and N:P ratios in leaves, stems and fine roots along the altitudinal gradient. General linear model (GLM) was employed to test the effects of PGF, climate and soil on N, P concentrations and N:P ratios in leaves, stems and roots. Firstly, stepwise regressions were used to determine the climate (MAP and MAT) and soil variables (soil total nitrogen, STN; soil total phosphorus, STP; soil available nitrogen, SAN, and soil available phosphorus, SAP) which were included in each model of GLM. The variables that did not contribute significantly (P < 0.05) to the explained variation were excluded from the GLM (Tables 3, 4) . Secondly, the partial General Liner Models (partial GLM) were used to separate the trait variations into different components: (1) a, b and c-the independent effects of PGF, climate and soil, respectively; (2) ab, ac, and bc-the interactive effects between PGF and climate, between PGF and soil, and between climate and soil, respectively; (3) abc-the interactive effect among PGF, climate and soil; (4) Unexplained variations ( Table 2 , for details of the statistics, see Han et al. 2011; Heikkinen et al. 2005; Zhao et al. 2014 ).
The scaling relationship of N and P in the plant organs is described by the equation:
where X and Y are the P and N concentrations of a specific plant organ, respectively, b is the y-intercept and a is the slope of the scaling function, representing the allometric exponent.
To examine the scaling relationships of N and P in leaves, stems and fine roots, we used model II regression (also known as reduced major axis, RMA) on
log-transformed values of N and P concentration (Sokal and Rohlf 1981) . Parameter estimation of the allometric equations was implemented by using the "lmodel2" function in the "lmodel2" package of R (Legendre and Legendre 1998) . To test for significant differences in stoichiometric scaling among herbs, shrubs and trees, we compared regression slopes within each organ among the three PGFs in a pairwise manner, using a likelihood ratio test (the "sma" function in the "smatr" package of R).
We explored the response of the stoichiometric scaling relationship of the leaves, stems, and roots with the environmental gradient in the following steps. First, we used model II regression to estimate the parameters of allometric equations for each PGF at different altitude zones. Second, pairwise comparisons of the regression slopes between different altitude zones were implemented by using the likelihood ratio test. All statistical analyses were performed using R 3.1.0 (R Core Team, 2014) .
Results

N, P and N:P in leaves, stems and roots
The concentrations of N, P and N:P ratios declined in the order of leaves, fine roots and stems (Fig. 1) , while the variation of N, P concentrations increased in the order of leaves, fine roots and stems (CV = 25.4 % and 32.3 % for N L and P L ; CV = 37.1 % and 45.7 % for N R and P R ; CV = 40.5 % and 53.8 % for N S and P S ). The average N and P concentration and N:P ratio was 23.8 ± 6.1, 2.1 ± 0.7 and 12.1 ± 3.3 for leaves, 9.5 ± 3.8, 1.2 ± 0.6 and 9.1 ± 3.2 mg g −1 for stems, and 13.1 ± 4.8, 1.3 ± 0.6 and 11.2 ± 4.7 mg g −1 for fine roots, respectively. N L and P L varied four to seven fold, while N R and P R varied 11 to 13 fold across all species.
The N, P concentrations and N:P ratios differed significantly among different PGFs (P < 0.05). The N and P concentrations of all organs were the highest in herbs, followed by shrubs and trees (Fig. 1a, b) . In contrast, herbs had lower N:P within leaves and stems compared to the other two PGFs, while N:P ratio within fine roots did not show significant difference (Fig. 1c) . 
Patterns of N, P concentrations and N:P ratio along the environmental gradient
For all species pooled together, the N and P concentrations and N:P of leaves, stems and fine roots were significantly related to altitude (Fig. 2) . The N concentrations in all the three organs decreased with the increases of altitude (P < 0.001, r 2 = 0.06; P = 0.031, r 2 = 0.03 and P = 0.005, r 2 = 0.03, for leaves, stems and fine roots, respectively; Fig. 2a ). Meanwhile, P concentrations in all the three organs also showed a decline tendency (all P < 0.001, r 2 = 0.24, 0.12 and 0.24, for leaves, stems and fine roots, respectively; Fig. 2b ). In comparison, the N:P ratios represented the opposite trend for all plant organs, increasing along elevation (all P < 0.001, r 2 = 0.14, 0.13 and 0.11, for leaves, stems and fine roots, respectively; Fig. 2c) .
Plant growth form, climate and soil jointly influenced N, P concentrations and N:P ratios of major plant organs, with 22.5 %-55.1 % of total variations to be explained (Table 2) . Environmental factors had a stronger effect on N, P concentrations and N:P ratios in leaves and roots, while plant growth form had a stronger effect on N and P concentrations in stems. For each stoichiometric trait, a large proportion (>44.9 %) of total variations remained unexplained (Table 2) . N vs. P scaling within leaves, stems and roots N and P were highly correlated within leaves, stems, and fine roots (all P < 0.001; Fig. 3 ). In the three plant organs, the values of the allometric exponent (a) were 0.78, 0.71 and 0.87 for leaves, stems and roots, respectively (Table 5) .
PGFs had a significant influence on allometric exponent of N vs. P in the leaves, stem, and roots. In the leaves, the allometric exponent was remarkably different among herbs, shrubs and trees (P < 0.001 for herbs vs. shrubs, herbs vs. trees and shrubs vs.. trees; Fig. 3a ). In the stems and roots, herbs and shrubs had a similar scaling relationship (P = 0.27 and 0.29 in the likelihood ratio test for stems and fine roots, respectively), but differed compared to trees (P < 0.001; Fig. 3b, c) . The intercepts (b) of the scaling of N and P in leaves, stems and roots did not show significant difference among herbs, shrubs and trees (Table 5) .
N vs. P scaling along the environmental gradient
In general, the stoichiometric scaling relationships in leaves, stems and roots did not show significant changes along the environmental gradient. The allometric exponents of the leaves for three PGFs showed no significant Fig. 3 Scaling of N as a function of P within leaves, stems and fine roots of the three plant growth forms. All lines are significant RMA regressions (likelihood ratio tests, P < 0.05). In a, the regression slopes differ significantly among the three plant growth forms; thus, all the three regression lines are shown, for herbs (gray line), shrubs (dotted line) and trees (dash line). In b and c, the regression slopes were not significantly different between herbs and shrubs; thus, herbs and shrubs are presented with a common regression line (black line), while that of trees (dash line) is presented separately difference at different altitudes (likelihood ratio tests, P > 0.05; Fig. 4a, b, c) . The allometric exponents of the stems showed no significant changes (Fig. 4e, f) , except that herbs had a higher allometric exponent in the low altitude zone (Fig. 4d) . The allometric exponent of the roots for herbs in the middle altitude zone differed from that in Fig. 4 Scaling of N as a function of P within leaves, stems and fine roots along the environmental gradient on Changbai Mountain, northeastern China. For plant growth forms: circles, squares and triangles represent herbs, shrubs and trees, respectively. For habitats: white, gray and black represented low, middle and high altitude, respectively. All lines are significant RMA regressions (likelihood ratio tests, P < 0.05). A single line indicates no significant difference in scaling slope at different altitudes; thus, the common regression line (black line) of the three altitude zones is shown. However, the slope was significantly higher at low altitude than middle and high altitude in d; thus, the regression line of low altitude (dash line), and the regression line of middle (gray dash line) and high altitude (dotted line) are shown. In g, the slope was found to be higher in the low and middle altitude zone than the high altitude zone; thus, all regression lines of the three altitude zones are shown the high altitude zone (Fig. 4g) , whereas no significant changes were found for shrubs and trees along the environmental gradient (Fig. 4h, i) .
Discussion
Environmental factors and plant growth form influenced the altitudinal patterns of N, P concentrations and N:P ratio Our results showed that the N and P concentrations decreased, while N:P ratios increased with elevation for all three plant organs (Fig. 2) . The changes of leaf nutrient were consistent with previous studies. Some studies on tropical, and subtropical mountains, and subarctic tundra found that leaf N and P declined with altitude (Köhler et al. 2006; Macek et al. 2009; Soethe et al. 2008; Sundqvist et al. 2011 ). By contrast, other studies also showed that the N and P of leaves first increased and then decreased with increasing elevation on Mountain Gongga, China (Shi et al. 2012 ) and in the Peruvian Andes (Fisher et al. 2013) . Meanwhile, Garkoti (2012) indicated that root N and P declined with elevation in the central Himalayas.
The patterns of N and P concentrations reflected the variation of climate, soil nutrient and plant growth form along altitudinal gradient. The relative effects of climate, soil and plant growth form on stoichiometric traits of plant organs were different. Through the strong interactive effects, climate and soil intensively influenced N and P concentrations in leaves and fine roots (Table 2) . By contrast, the total effect of plant growth form was relative important for N and P concentrations in stems (Table 2 ). Previous studies demonstrated that leaf N and P variation reflected environmental conditions more than plant intrinsic characteristics, such as genotype (Ågren and Weih 2012) and taxonomy (Zhang et al. 2012) . Although root nutrient concentrations were tightly associated with root diameter (Gordon and Jackson 2000) , hierarchical branching and architecture (Iversen 2014; , they were also responsive indicators of soil nutrient availability Holdaway et al. 2011 ) and climate at global and regional scale (Chen et al. 2013; Yuan et al. 2011) . By contrast, stem which responsible for supporting and nutrient and water transport differed significantly in its construction costs among plant growth forms. For example, stems with high tissue density require greater construction costs, but have slower growth rate and lower nutrient concentrations (Fortunel et al. 2012; . Therefore, the relative importance of environment and plant growth form was correlated to organ functioning and metabolic activity. Organs with higher metabolic activity, such as leaf and fine root, reflect more environmental variation, whereas organs with slower metabolic activity reflect more instinct characteristics of plants.
Consistent responses to environmental variations of leaves, stems and roots
In this study, leaves, stems, and roots showed consistent responses of nutrient concentrations to environmental gradient, which could be rooted in the interdependence of plant nutrient acquisition. The leaf, stem and root were strongly linked in view of water, nutrient and metabolite storage, and transport (Fortunel et al. 2012; Gordon and Jackson 2000; Marschner et al. 1996) . Leaf functioning depends on the water and nutrients absorbed by the roots, while root growth, in turn, depends on the carbohydrates produced by the leaves. Despite of the uncertainty and inconsistency of the trade-offs among leaf-and root-trait syndromes, existing evidence indicated that there can be certain positive correlations of N and P concentrations among the leaf, stem and root (Geng et al. 2014; Kerkhoff et al. 2006; Liu et al. 2010; Yang et al. 2014) . This positive correlation, in some extent, reflected a coordination of leaf, stem and root tissue resource capture strategies. Previous studies found a "slow-return" strategy of leaves (Wright et al. 2004) to make plant more resistant to temperature stress and nutrient limitation. Meanwhile, a similar strategy has also been reported in root systems Pregitzer et al. 2000) . It suggested that plant might coordinately decline the metabolic rates and nutrient content of above and below plant organs to maximize plant fitness under stressful environments.
Conservatism of N and P scaling relationship in leaves, stems and roots
The scaling relationship of N and P showed different response to environmental variation among different organs. The leaves of three plant growth forms exhibited invariant scaling slopes, whereas the scaling slopes of the stems and roots for herbaceous species changed with increased elevation (Fig. 4) . This result implied that the N to P relationship was more stable in the leaf than it in the stem and root. It was consistent with previous study that a uniform scaling relationship of leaf N to P was found based on 2,500 plant species across dramatic environment gradients (Reich et al. 2010) . A recent study provided evidence that leaves and diaspores showed higher conservatism of N and P stoichiometry than stems and belowground organs (Minden and Kleyer 2014) . Therefore, the conservatism of N and P scaling relationship might different among different plant organs.
The variation of scaling slopes was only detected in herbaceous species, whereas woody species showed an invariant scaling relationship of N and P in leaves, stems and roots (Fig. 4) . Our results demonstrated that the scaling relationship of N and P was significantly different between herbaceous and woody species in response to environmental variations. Compared to woody species, herbaceous species were characterized by quick growth, high leaf nutrient contents, and fast life histories (Adler et al. 2014; Grime 1977) . In our study, herbaceous species exhibited a flatter scaling slope in the stems and roots with increased elevation, which implied a faster declination of P than N. In order to survive in low-nutrient habits, herbaceous species might ensure the nutrient supply of the leaves at the expense of declining P allocation to the stems and roots. In parallel, the invariant scaling slopes showed that woody species were less responsive to environmental constraints and had higher conservatism in nutrient allocation than herbaceous species. Thus, the conservatism of scaling of N and P might be different among plant growth forms, which were distinct in different nutrient strategy.
Conclusions
This study investigated the scaling relationship of N and P in different plant organs and their response to an altitudinal gradient. The N and P concentrations of the leaves, stems and fine roots showed a consistent response to the environmental gradient; specifically, for all three organs, N and P concentrations decreased while N:P ratios increased with elevation. The allometric scaling relationships of N and P were found in all three organs. Additionally, the scaling slopes varied in the stems and roots of herbaceous species, whereas woody species showed an invariant scaling slope of N and P along the altitudinal gradient. 
